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OUTLINE

@ Universal (generic?) features of higher
order cumulants — insight from O(4)

scaling

@ A dip in the kurtosis — a signal for the
critical point?

@ Conserved charge fluctuations and
freeze-out (more details: S. Mukherjee)



Motivation

T
STAR data on net proton number and electric charge fluctuations
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many questions: deviations from HRG just because HRG .ne. QCD or more profound,
l.e. equilibrium, grand-canonical approach invalid? Where are the
large effects "predicted"” by models? negative kurtosis and/or
6" order cumulants? dip in skewness and kurtosis? ...........
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Bulk thermodynamics and response functions
T

— probing the response of a thermal medium to an external field, i.e.
variation of one of its external control parameters: 1’y p, my

(generalized) response functions == (generalized) susceptibilities

P __
pressure: 7 = 35 02V y LB,Q,Ss Mu,d,s)
energy density particle number density  order parameter
€ 1 lnZ Ng 1 OlnZ () 1 O0InZ
T+~ VT2 0T T3 ~ VT3 0ug/T T3 ~— VT3 0m,/T

thermal fluctuations density flyctuations condensate fluctuations

generalized susceptibilities:
A=A/T



Susceptibilities
T

— probing the response of a thermal medium to an external field, i.e.
variation of one of its external control parameters: 1’y p, my

(generalized) response functions == (generalized) susceptibilities

p

pressure: g = 7o MZ(V, T 148,Q.55 Mud.s)

particle number density  quark number susceptibility 4™ order cumulant
ng 1 dlnZz 9 ng/T? g 1 0*InZ
T3 VT3 0uy/T Xq = Opg/T X4 = Vs O(uq/T)4

generalized quark number

susceptibilities: fix = px/T
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Quark number Susceptibility — the 25" anniversary
I

susceptibility = the quality of being susceptible

, BT "0 77T quark number susceptibility =
Xq@~ 0.3 7= 8%x4 ] response of the quark number
m g density to an infinitesimal chemical
- B potential (external field)
n . —
a — « continuum § — s the medium receptive to a hon-zero
N 3 guark number density?
C— & —
— .5 T_
S IR L  lomz
_gqtr v el il ng =
5.1 5.2 5.3 5.4 5.5 VvV 3Mq/T
6/g° ~ T
confinement; deconfinement; . 0 ng
chiral symmetry breaking | chiral symmetry restoration Xqg = A
q
S.A. Gottlieb, W. Liu, D. Toussaint, R.L. Renken K /

and R.L. Sugar, Phys. Rev. Lett. 59, 2247 (1987)



Quark number Susceptibility - the 25" anniversary
I

susceptibility = the quality of being susceptible

guarks like to be in the QGP !!

:I]JI'IIIIlIli/’";. .
Xq@? 0.3 F= g4 — -
4 = 3 Are they the carrier of conserved
- L charges in the QGP or are there
0.2 - $ o .
, - - other more relevant d.o.f. around?
> o1 ;i— ontinuum A
- " di-quark bound states in the QGP
0.0 3 i? @ﬁ 5 _T_: as source for the sQGP?
Er | 11 | [ 111 ‘I:J |1 |1-;}:*LE E. Shuryak, |. Zahed,
-0.1 Phys. Rev. D 70, 054507 (2004)
54 52 53 54 55
B/ge ~ T
confinement; deconfinement; _
chiral symmetry breaking | chiral symmetry restoration higher order cumulants
can rule out such a
S.A. Gottlieb, W. Liu, D. Toussaint, R.L. Renken scenario

and R.L. Sugar, Phys. Rev. Lett. 59, 2247 (1987)



Ratios of 4™ and 2" order net charge cumulants
e

ratios of net quark (baryon) number and net electric charge cumulants
rule out a large di-quark contribution in the QGP

S. Ejiri, FK and K. Redlich, Phys. Lett. B 633, 275 (2006)

15|__|../ _X?}f \2..

R 1 { g,
I 4,2. ’ X:,)y(l
10 - L HRG XX _ 1 8" In Z
1# fi n VT3 0(ug/T)™ |
¢ .

L \ X =B,Q,S,q, / 0‘5‘ o . -q-:

1 ‘ 1 | 1 ‘ 1 | 1 | 1 | 1
' ‘ ' ' ' ' %.6 0.8 1 1.2 1.4 1.6 1.8 2
%.6 0.8 1 1.2 1.4 1.6 1.8 2 T/TO

cumulant ratios are sensitive to the thermal properties (relevant d.o.f.)
of a strongly interacting, thermal medium
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Bulk Thermodynamics and Critical Behavior

¥ close to the chiral limit thermodynamics in the vicinity of the
QCD transition(s) iIs controlled by ajuniversal scaling function

singular / regular

p 1 a 7]
F - VT3 In Z(Va T, p,) — _h1+1/6fs(t/h1/66) - f”'(v’ T, M)

¥ critical behavior controlled by two relevant fields: t, h

@ all couplings that do not explicitly break chiral
symmetry contribute in leading order only to 't',

e.d., 1, By HQs HSy e
( >2 ( c >2
T T

SHE
=—|((=—-1]—k
to \ \ T, B

[h _ 1 m J control parameter for amount [
n

) K. G. Wilson,
Nobel prize, 1982

= —— ) . on-universal scales
ho mg of chiral symmetry breaking ]

Tca KB, th hO
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O(4) Scaling in QCD: (1) the order parameter

magnetic equation of state: My = h'/®fg(z) -+ regular

Lz\lb — ms<,§5¢>l L 2= t/hl/ﬁgJ

T4
0.25 200 [ i mymg=2/5 o -
<Yy, Me/h 15 o
1/10 = —
0.20 r 1/20 —e—
1.50 r
0.15
1.00
0.10 | regular
terms
0.96<T/T.<1.06 0.50 all masses
0.05 -
m,/mg yh /PO
000 1 1 1 1 1 1 1 1 000 1 1 1 1 1 1 1 1 1 1
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 -5 -4 -3 -2 -1 0 1 2 3 4 5

p4-action: N2 x4 , N, =16, 32 , 400MeV { m,, L 75MeV

S. Ejiri et al (BNL-Bielefeld), Phys. Rev. D80, 094505 (2009) this fixes 1., tg, hg
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O(4) Scaling in QCD: (ll) Chiral Transition Temperature
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— locate pseudo-critical temperature
from chiral susceptibility

A ()
Bml
= Xl,disc + Xl,con

— peak location is controlled by a
universal scaling function

Xm, 1 (T')

2

mﬁm’l — (ho h1/0— 1fx z) —|—regular>
Zmag = 1.33(5)

Te(mg) —Te(0) 1 (mly/ffi req

TC(O) Z0Zmax \Mls .
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O(4) Scaling in QCD: (lll) Curvature of the critical line

e
Bielefeld-BNL, Phys. Rev. D83, 014504 (2011)

+ "thermal" fluctuations of the order parameter

1 (/T 2
t= — (——1)—&,1 (&> , z = t/h1/Pd
to 1. T

m (7,5'!#) scaling function of order parameter
M, = — y — hl/afG(z) fixes non-universal parameter
T 007 Tca th hO
2 (aly 3 | A-action: 2Nl
Xm,q 0 <¢¢>/T 0.06 | ]pv — 4 Ej;ii m:jmzﬂﬁg: '
T - 8(;1, /T)2 = oos | T 1fi8$
q z ' 1/80 =—F—
9 T o 0.04
K =
— q h(B_l)/(SBfé(Z) Z 003}
tOmS § 0.02

— kp = 0.0066(7) oo +




Crossover temperature at and closeto up = 0
e

The transition temperature at vanishing chemical potential:

195

wl S crossover identified by peak in
185 | T [MeV] Physical mym - the chiral susceptibility:

180 HISQ/tree —5—

175 Asgtad —©— . TC p— (1 54: :I: 9) Mev

170 L P
165 . AL
160 [l
155

------------------------------------- ] A. Bazavov et al (HotQCD Collaboration),

------------------------ - Phys. Rev. D 85, 054503 (2012)

Combined continuum extrapolation |

150 -/ nuum extrapox . . »
tas IR consistent with transition temperatures
140 | N2 - determined by the Budapest-Wuppertal collab.

135

| | | | | | 1
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035

Y. Aoki et al., JHEP 0906 (2009) 088

Curvature of the transition line for small puB :

T.(1B)
T.(0)

= 1 — 0.0066(7) ('U’?BT + O(ug)

Bielefeld-BNL, Phys. Rev. D 83, 014504 (2011)
similar: G. Endrodi et al., JHEP 1104, 001 (2011)
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Chiral Transition and Freeze-out

" RHIC 200 GeV

m=00
LGT, m=0, O(u?)

~ HRG
&\ T J.Cleymans et. al.

IT(1p)
F

| T | | | T(MB) o
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| T [MeV] T.
:20* \:
~ 130 [e24 + |
- TN
LGT: Ty(ug)
Cleymans: PRC 73, 034905 (2006)
== Andronic: PLB 673, 142 (2009)
- STAR: PRC 79, 034909 (2009)
«@- Becattini: PRC 85, 044921 (2012) uh [MeV]
l ] l l | l | l l l |
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crossover transition:
2
1 — 0.0066(7) (?) + O(ug

hadron freeze-out:

2 4
1-0023(HB) _c(HE
T T

/phenomenological\

freeze-out curve,
QCD transition line
and experimental
data (obtained by
assuming the validity
of the HRG model)
are consistent for

\ pe/T<,2 /
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Critical behavior and higher order cumulants

p —
1 _h1+1/6fs(t/h1/66) T f'r(va Ta U/)

T4 ’ e =
14+1/6=(2—a)/A, A=85 ~ O(4) : o= —0.213

@ first divergent susceptibility for n=3

pressure.

Z(2): a = 40.107

or n=6 (2 a—n/2)/38 (n/2) _
XB,MB (2 oa— n)/,@éf( )(Z) , U > 0
I (fs(2) = Afr(2))

F. Karsch, Wuhan 2012 14



Critical behavior and higher order cumulants

p

pressure:  —— = —h /2 £ (t/h'/P%) — £,(V, T, i)

C
14+1/6=(2—a)/A, A=85 ~ O(4) : o= —0.213

Z(2): a = 40.107

@ first divergent susceptibility for n=3
or n=6 m(g2—a—n/2)/65f}n/2)(z) . ug =0
- m

(n)
XB,MB ((12—a—n)/,66f}n)(z) , UB > 0
7, /{S(z) = Afr(2))
£ (2)

3 6
X5 s X5

0.2 r

0

controlled by third derivative of the
singular part of the free enerqgy
universal,
===l | O(4) scaling function

-0.2

-04

-0.6

0.8 | B. Friman, FK, K. Redlich, V. Skokov,

54-3-2-101234F%5 arXiv:1103.3511
Zo(T-T)/T

Cc
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Quadratic charge fluctuations: up = 0
continuum extrapolated results: A. Bazavov et al (hotQCD), arXiv:1203.0784

B: baryon number

0.35
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0.3t i
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0.2t L
0.15 .
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6
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consistent with Wuppertal-Budapest, arXiv:1112.4416
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statistics:
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guark sector;

my/mgs = 1/20

Mps =~ 160 MeV



Quadratic charge fluctuations: B = O

continuum extrapolated results: A. Bazavov et al (hotQCD), arXiv:1203.0784

B: baryon number

Q: electric charge

0.35
B2
X2/ SB Q2 HRG SB
0-3 ¢ HRG o 0.6 | *2 s o WS
° 1 2 g,
0.25 ¢ o 1 0.5 | fy scale o™
f.. scale g
02} " - ] 04l Ol
continuum extrap.
015 ¢ continuum extrap. 031 N=12 @]
N.=12 ‘e » 8 m
01} S m 02} 6
A A
0.05 r 1
N ol In the chiral limit the singular | = Timev
120 140 160 - - 00 220 240
part reduces to: A |¢|1™
S: st — RG
' S, SHRG | ' '
; | | SB 12 | X2/ o ]
| ,ST2
AT 1 _m
i HRG 08| ™ ] ]
08T o n® 08 ¢ . | | T154(9) MeV
’ B, BHRG ' ' ' '
XalX2'
0.6 r 12 | i ]
fy scale 1 _%% %f :
04 t continuum extrap. 0.8 | N ]
N,c=12 @ 06 |
8 m 1.4 : : : : :
0.2 6 1 12 | yQp@HRG 1
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0 ' ' : : ' ' 08 | ]
120 140 160 180 200 220 240 06 m
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consistent with Wuppertal-Budapest, arXiv:1112.4416

170

180
T [MeV]

190

HISQ-action on
(4N.)% x N
lattices;

statistics:
~3000 conf./T
~1500 source vec.

(2+1)-flavor QCD
physical strange
guark sector;

my/mgs = 1/20

Mps =~ 160 MeV
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Some 4" order charge fluctuations: g = 0

B1Q3 B2Q2

0.07 | 459 HISQ-action on
N.=6 0.08 ¢

0.06 | K ] 3

0.05 | HR%S +Lr ° :ee : 0.06 - | (4N7') X NT

0.04 | n : *ﬁ free IatticeS;

0.03 | + -.ﬁ R 0.04 +@+ i . R

Zz? sy . " | o i statistics:

S T MeV] . T ey) ~3000 conf./T

120 140 160 180 200 220 240 260 280

120 140 160 180 200 220 240 260 280 ~1500 source vec

Ksoz S4/S2

2 . .

In the chiral limit the singular

1.8 —xf/xg HRG t d t . "
16| ' | part reduces to: ~ A |¢|
e |
. /H} @+ i /
1.2 + %* 3 m i
i 0 ' generates cusps in
ol s e | 4™ order cumulants at
L Ll TMeV] ] HB — 0 band:
120 140 160 180 200 220 240 260 280 Tc — (154 :I: Q)Mev

Bielefeld-BNL, preliminary similar: S. Borsanyi, Quark Matter 2012
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Universal properties of the 6™ order cumulant at g = 0

pe =0: Xgo = —(26pty )3hTOT/A () 4 regular

In the chiral limit the singular
diverges: ~ A4|t|”(F)

the width of the transition region 01
B _f(3)(z)
(as seen by Xg ) RN
Az =24 —z_= — 1/B86 °°
=21 —z_= (ty —t_)/h
universal numbers 01
=) Az =24 —2_~3 os |
4 \-0.3 F
T T 1 tod, my 1/Bo Ly 1/
" T Az p/B \m, M s e [ e
J z_ >~ —1.50 zp ~ 1.48
‘ T, —T_ ~ 0.20(5)T. ©Ermin chiral limit
for ml/ms — 1/27 XB,maa: = —6.7
6,0 universal number
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Chiral crossover transition and 6" order cumulantat g = 0
I
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-5

guark mass scaling of transition
temperature has been established

HotQCD, PR D85, 054503 (2012)

4

-3

-2

1

0

1

2

4

5

| Te(mgq) — Te(0) 1 (ml)l/ﬁ—ltf reg
Tc(O) Z0<Zmax mg
Zmaz = 1.33(5)
.
zL ~ 1.48

generically, i.e. when universal terms are
dominant, the chiral crossover transition

. . . B
occurs in the region of negative Xg o

contributions from regular part may
change this

3
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Electric charge fluctuations at the LHC

T
LHC: #B = s = puQ =0
@ Cumulants calculated at g = 0 can directly be compared to

(eventually available) data taken at LHC

Q
%2 0’ ° ¢
P.‘ N,=6
8 @
«”
: T,=154(9) MeV _
0 ———+—+tt+—+—t—t—+—+
o Ié’ -
% BNL-Bielefeld
preliminary
& | %
4 °
e o0 ®

T [MeV]

0.3
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0.1

BNL-Bielefeld |
preliminary ]

120 140 160 180 200 220 240

T [MeV]

C. Schmidt (Bielefeld-BNL), Quark Matter 2012
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6" order cumulants
differ strongly from
HRG in the transition
region



Cumulants and critical behavior for ug > 0

p _,
pressure:  — = —RYTYOf (t/RYPOY — £.(V, T, ii)
’ ~ 0(4) o= —0.213
T4 0(4), 2nd order, m=0 baryon number susc2eptibilgy:
crossover, m>0 X B _ 0°p/T
T 2 " 8(up/T)?

~. tri-critical point, m=0
I “<a Z(2), 2nd order, m>0

singular contribution at (7c, 15 ) .
starts generating a cusp with increasing 1

(Te, 1R) 1st order

r N
X2 = —2kptyg thI=N/A f/(2)

—(2kBty %) A L (=)
J

E=A

\_
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Singular contribution to cumulants at g > 0

1/A

_ . h mg
xP = —2kpty th(A—)/A (f;(Z) + 2Kk Z - (uB)zf;'(Z))
0)

+ regular terms /W-J

O(1) for ms/ml=27

A more singular terms gain importance
T O(4), 2nd order, m=0 A J J P
crossover, m>0 as fip/T > 1 they generate a cusp
Th--_ L L
c L tri—critical point, m=0 same combination of non-universal
I "~ o Z(2), 2nd order, m>0 terms appears in all cumulants
4 1/88 )
T.. us 1st order __hg -~ Bi-BNL, preliminary
(Tes pB) 20 =~ — 2 =3 005 2015
~B = 0.0066(7) Bi-BNL, 2011
L
3

need to control magnitude of
non-universal parameters
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" order cumulant: A dip in the kurtosis at ug > 0 ?

pp > 0: x7, = —3(2kBty )2h™ A/ (2)
—G(ZKDBt_l)S(ﬂC )2h—(1-|—a)/Af//I(z)
—(26pty %) th™ GT/A £(4) (2) 4 regular

0.5 dominates in the chiral limit, or if

—f]£4)l(z) | | | | | I | | c
0.1 r /\ MB/Tzl
0

XB ,IMIT
0.1 ¢ 4,1
Xmaa:— - _25
02} 4,
03 z=t/h/Pd
5 4 3 o2 1 0 41 2 13 4 s B.Friman, FK, K.Redlich,V.Skokov,

Eur. Phys. J. C71, 1694 (2011)
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-03 r

4" order cumulant (kurtosis) is negative for T'(u%) > Tep
I

z=t/h/P® ]

-5
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) at the crossover transition, 2 = Zmaax

fJ(c?’) (z) dominates =mp xf,” <0
”) |f zfreeze < ZCT‘OSSO’UET'

=) xf,” < 0 Dbelow but close to the
chiral cross-over line

contributions from regular part may
change this



4™ order cumulant (kurtosis) and the critical point
T

In the vicinity of the critical point the kurtosis will be negative in a certain
T, muB region kp < 0~ ' M. Stephanov, PRL 107, 052301 (2011)

t
T A kp > 0 a T
e mapping of the Ising
crossover . variables t, h on the
LT ~Rpe< 0 kp >0 T, g plane is non-trivial
2nd order
1st order
|
L
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4™ order cumulant (kurtosis) and the critical point

In the vicinity of the critical point the kurtosis will be negative in a certain
T, muB region ' M. Stephanov, PRL 107, 052301 (2011)

t
T4 . T | |
J——— mapping of the Ising
crossover L variables t, h on the
'I; "~ rp< 040N B >0 T, g plane is non-trivial
X _~d order
kg > 0" °

1st order

=Y
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4™ order cumulant (kurtosis) and the critical point
T

In the vicinity of the critical point the kurtosis will be negative in a certain
T, muB region kp < 0~ ' M. Stephanov, PRL 107, 052301 (2011)

t
TA Kk >0 | °T
s mapping of the Ising
crossover e variables t, h on the
T - kp > 0 T, np plane is non-trivial
c| RB-</
Tep 2nd order generically, expect:
kp > 0 kp >0 forT <Tep
1st order
(expect all cumulants to
be positive on the line
of fixed T'= Tcp
|
L

prerequisite for well-behaved estimates of the location of the critical
point based on the radius of convergence of the Taylor series for XB,u
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" order cumulant (kurtosis) is,positive at T'(ug) = Tcp

most likely

@ if the first order transition line is "steep", the "universal Z(2) cone"
will open in the direction T' > T p

@ if the critical point exists, all expansion coefficients in a Taylor series
of the pressure will be positive for some n > ng

%=§Z(;), (L2 )%

n=0

current indications are that ALL expansion coefficients of the
pressure are positiveat 1I' = T¢p
84p/T4

‘ kp(Tep, uB < pcp) ~ 3 (np/T)

{ NB: If this is not correct, a determination of the J

>0
T=Tcp

B.Friman, FK, K.Redlich,V.Skokov,
Eur. Phys. J. C71, 1694 (2011)

critical point from the radius of convergence
of the Taylor series will not work out !!!
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Kurtosis on the freeze-out curve

A
T Ko~
crossover
1;: --.\..§\
T L 2nd order 1B (To)
cp 0 >
freeze-out line ‘ u
1st order
pe(Tcp)
|
)

(to determine the importance\ (a dip in the kurtosis seems to be generic: )
of regular terms and the non- whether or not it becomes negative depends
universal scales requires on the magnitude of regular terms in the

\ lattice QCD ) \QCD partition function (pressure) y
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Chiral model and negative ".
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Phase diagram for us > 0, mgq > 0

Does freeze-out occur close to a critical point?

@ critical line at mq:O

2nd order,. . T (I'LB) MB 2
3d O(4) universality c — 1 — g — O 4

Tﬂ

5,00
+ . N 1storder,

PANEN # crossover line: physics on crossover line
FRN controlled by universal scaling relations ?

5 2 # freeze-out line: Is the crossover line
L related to the experimentally determined
Do freeze-out curve?

.__ ¥ net charge fluctuations: Do they probe
m thermodynamics on the freeze-out line?

D> quantitative questions that require lattice QCD to be answered
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Taylor expansion of conserved charge fluctuations
I

O ; , k\
@ _ v L ymos (45)'(Ha) (s
e = .ki!j!k!xi(j+")’“ T T T
2,7
A /
X=B,Q, S (similar for B and S)
1
Xfu ~ VTS (Nx) mean M x ZVTSXfu
Xo, = VT3<(6NX)2> variance  o% = VT°x3,
X
X?M — 3 (ONx)?®) skewness Sxyox = X3,
’ VT X2,
M
Xa, = 5 (((ONx)*) — 3((6Nx)*)?)
vT Y X
kurtosis KxOx% = ;1(’”
e.g. take ratios to X2,p

eliminate volume factor
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Strangeness and electric charge chemical potentials:

Next to Leading Order ‘NLO% results at fixed T

for 150MeV < T < 170MeV QCD and HRG agree within ~10% on K#s/HKB » KQ/HB

] /I I I I I I I I I .
0.035 o T " NLO Taylor expansions for
"""""""""""""""""""""""""" 70 Me .
electric charge and
AR strangeness chemical
0.025 e T z potentials are well behaved
g g [——— HRG _ for
P L S pe/T<1.3
0.30 p T = 170 MeV : :
h
|||||I|||IIIIl tempting to compare wit
S - A— STAR result (QMI12),
020 T2 180 MV T BS ~ (0.2 — 0.25) However,..
0 15 ] ] IH I:{(al ] ] MBI I:I\/IeIV:I ] I"’B

0O 20 40 60 80 100 120 140 160 180 20(
for orientation: up = 1.317" <

pp = 200 MeV at T' = 160 MeV

this covers RHIC
experiments down to

. . VSNN =~ 20 GeV
Bielefeld-BNL, arXiv:1208.1220, PRL to appear
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Fixing T with a Thermo-meter:R;, , X = Q, B

Sxo X,0 X,2 -
Ry, = — = =Ry + Ry~ i + O(fp
X
S

RO — X13 =+ CI1X4 T 81X§1

31 S

Q1X2 + x11 + s1xT
F{Ig1 | | | | | | Q,Z . N .
3.0 [ 1 R3y requires 6" order coefficients
¢ (estimate of its magnitude)

5T ' ; ng/T=1 ] NLO corrections below 10%
20 _+ ++ " KRG ug/T=0 |

e - N =6 Q,0 ) ) )

# . N_=8 R3Y provides stringent constraint
15 - ; i onT
10 F ‘s .
¢ f
05 | ey large deviations from HRG for
T MeV] T>155 MeV

00 | ] | ] ] ] ] ] | ] |

140 150 160 170 180 190 200 210 220 230 240
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Fixing #pwith a Baryo-meter: RY, , X = Q, B

R?z provides stringent constraint

on /T
T I T I T I T I T I T 0.15
013 [RQ,1 'b‘""" R L S G - 0.14
12 ve 1 0.13
0.11 mg .t
, xy“ LO 012
| mE . 0.11
0.09 g éf e = N =6 -
0.07 B8 % - N.=8 4o
' 4 N =12 0.09
0.05 " _ 0.08
s IQ i S —t—t—t—t—t+—+—T+ 0.07
| 3 ,1 _
0.12 %R12 /R3% 0.06
0.08 - ", + NLO i 0.05
o 0.04
B W2, _
0.04 + * /e 0.03
0.00 i%;' ®° LS S gnn—— -_ 88?
- u free | -
0.04 | ! | ! | Tl[Me\ll] ! | ! | 0.00
140 150 160 170 180 190 200 210 220 230 240 0.00102030405060.708091.01.11.21.3

Bielefeld-BNL, arXiv:1208.1220, PRL to appear

LO: continuum extrapolated

NLO: spline interpolation NLO correction contributes less than 10% for

T>140MeV and /T < 1




Determination of Tand upg
I

Q. T T T Tg 0.15
3.0 R Q SO‘Q 1 014
® R31 —_— 0.13
o5 L + -ZWQ | o012
L1 up/T=1 0.11
00 + H HRG ug/T=0 0.10
0 LA e & N6 0.09
? o N8 0.08
1.5 4 1 007
0.06

')
1.0 | 0.05
‘i 0.04
® free 0.03
0.5 o ¢ o = e 0.0
0.0 L | ! | | Tl[Mey] ! ! | | 88:)

140 150 160 170 180 190 200 210 220 230 240

0.00102030405060.708091.01.11.21.3

Bielefeld-BNL, arXiv:1208.1220, PRL to appear

need data for these two observables to determine

T, up
from then on all other cumulant ratios probe thermodynamic consistency, i.e.
our basic assumption of a unique freeze-out line, equilibrium thermodyn., etc
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Determination of T and upB

3 M
RQ _ SJQ RP. — P
31 — 12 2
M o
Q P
T T T T T T T T T T T 08 i 1 1 1 I I I T T T T |
3.0 _F{Q ugT=1 =9 N.=6 wm - R1Bg T=158(7) MeV 3
31 ug/T=0 1 N.=8 wgu - STAR:RP,  mm i
25 | * STAR: OM12 - 0.6 QM12, perliminary
: =T 39 ]
o0 L **_ l‘_‘\?‘_.q preliminary [ | :' 4":
[~ 's [GeV]: 62.4 L
1.5 | Jaw'8=19.6-200 GeV 4 0.4 ve[GeV] iy ' ' B
: ' = 11 1 | -
10 F : :'| 1 o2l HRG C |
1 ' ' 209_ (hadron* 1 '
05 | Co e 4 , o ! P vield) |, Vo .
: : i ) 1 1 /T
0.0 I 1 L1 Tl[Me\;’] I I I I I 0.0 1 J"' L l 1y L i‘ L MBI
140 160 180 200 220 240 0.0 0.2 0.4 0.6 0.8 1.0
I T=158(7) MeV similar to HRG, but

P _ pB
RY, = RE 77
and what about...?

from then on all other cumulant ratios probe thermodynamic consistency, i.e.
our basic assumption of a unique freeze-out line, equilibrium thermodyn., etc
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Thermodynamic consistency
T

M Mpg
R% = 2Q and sz — —5— should provide identical information
oq B onTand 4B

ratio of variances of electric charge and baryon number fluctuations

Q B 0.16 T T
_ B X3 RQ /BB
RQB p— —B == 'r—Q 12/M712
12 X2 014 L T =170 MeV

experimentally only net proton

rather than net baryon number 0.12
fluctuations are accessible
B _ pp 299
an T an L 0.10

STAR preliminary at 200 GeV-
RY,

proton
Rl 2
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Conclusions
1

— higher order cumulants of net charge fluctuations are very
promising observables to search for critical behavior and to
make contact between (lattice) QCD and HIC experiments.

— higher order cumulants will be quite different from HRG model
calculations in the transition region

— the relative magnitude of singular and regular terms cannot be
determined in model calculations but requires a QCD calculation

— through a comparison of equilibrium QCD calculations with
HIC data on cumulants up to 6" order it soon will become
possible to test whether fluctuations of conserved charges
can consistently be described by equilibrium thermodynamics
with a unique set of freeze-out parameters.

wait for S. Mukherjee's
talk tomorrow
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